INTRODUCTION
Transcriptional regulation depends primarily on the sequencespecific interplay of trans-acting factors with cis-acting regulatory elements. The octamer or decamer motif (ATGCAAATNA) or its complement (TNATTTGCAT) and closely related sequences provide a paradigm of cis-acting elements involved in both ubiquitous and cell-type specific gene expression (reviewed in 1,2). The octamer is necessary and sufficient for B-lymphocytespecific gene expression of the immunoglobulin genes (3, 4, 5) . On the other hand, the octamer motif is a functional element involved in the ubiquitous expression of genes, such as the thymidine kinase gene (6) , the snRNA genes (7) (8) (9) (10) (11) or histone H2B (12, 13) . We have shown that a family of murine proteins interact with the octamer motif (14) , raising the possibility that a large set of genes is regulated by distinct octamer-binding proteins or Oct factors in a tissue-specific manner (reviewed in 2). The use of the octamer motif in promoting both ubiquitous and tissue-specific gene expression may be a consequence of selective binding of ubiquitously expressed Oct-1 or by specifically expressed Oct factors.
All cloned Oct factors contain two highly conserved domains which are separated by 14-26 variable amino acids, a POU homeodomain and a POU-specific domain (2, 15) . Both are required for DNA binding and are involved in protein-protein interactions. One open issue is the selectivity and specificity of the various Oct factors. It is possible that although Oct factors can activate transcription via the octamer motif, their optimal recognition sequence may encompass more than the octamer or may even be a different motif. Several parameters could influence the affinity of a certain Oct factor for a given recognition sequence. These include the presence and position of other DNA binding proteins, or factors that do not directly interact with DNA but help to stabilize Oct factor binding by generating a multiprotein complex. The combination of promoter elements might explain why the octamer motif can mediate transcriptional activation or repression in the same cell type, as shown for the embryonal carcinoma cell line F9 (16, 17) .
A well documented case where an Oct factor interacts with a sequence element that fits only poorly the octamer sequence is so-called TAATGARAT motif. Together with at least one other cellular factor, the Oct-1 protein is recruited by the Herpes simplex Virus (HSV) protein VP16 (also termed Vmw65 or a-TEF) into a multiprotein complex on the TAATGARAT motif which stimulates the immediate early promoters (18) (19) (20) (21) (22) . The interaction between Oct-1 and VP16 is specific for Oct-1, as the closely related Oct-2 fails to form a detectable complex with VP16. Sequences critical for the interaction with VP16 were identified within the homeodomain of Oct-1 by analyzing Oct-l/Oct-2 chimeras (18) . In the absence of VP16, Oct-1 and Oct-2 also differ in their ability to activate transcription, even with respect to the same recognition sequence (23, 24) .
We are interested in investigating whether Oct-1 activates developmentally regulated genes or whether its sole function is to stimulate the expression of housekeeping genes as suggested by its ubiquitous expression pattern. To assess the role of Oct-1 during murine development, we cloned different mouse Oct-1 cDNAs and examined the expression patterns of three splicing products. Sequence comparison and Southern blotting indicate that the splicing products are derived from a single Oct-1 gene. Two large transcripts of 5 and 14 kb are detectable by Northern blot analysis. Each of the proteins when expressed from the encoding cDNAs by in vitro transcription and translation binds to the octamer motif. In the POU region the murine Oct-1 protein differs in four amino acids from human Oct-1 and these differences are restricted to helices 1 and 2. Two of the four different amino acids between murine and human Oct-1 have been shown to stabilize the interaction between human Oct-1 and VP16. We have assessed whether murine Oct-1 can interact with VP16.
MATERIALS AND METHODS
Standard techniques of molecular biology were performed as described in (25) , and those for mouse embryology according to (26) . Comparison of Oct-1 primary structures were done with the program Clustal V (27) . All other methods were described previously: the preparation of the F9 cDNA library in (28) , the cell lines, extract preparation and gel shift assay in (17, 29) , the in vitro translation in reticulocyte lysates in (28) . Before transcription the Oct-l cDNA clones were digested with Xhol to obtain sense RNA with T3 RNA polymerase. Northern blot analysis and RNase protection assays were performed as in (28, 30) , Southern blot analysis is described in (29) . For RNase protection assays and the Northern blot analysis the EcoRI-StuI and the StuI-SacI fragments of Oct-1 A were cloned into EcoRISmal and Smal-SacI of Bluescript SK, respectively. To generate probes both clones were linearized with Xhol. This resulted in probes with a heterologous sequence containing 95 additional nucleotides in case of the 590 nt EcoRI-StuI fragment, and 53 additional nucleotides in case of the 556 nt StuI-SacI fragment.
RESULTS

Identification of cDNA clones encoding Oct-1
A cDNA library prepared from F9 cells was screened with a probe spanning the mouse Oct-2 POU domain (31) . Eighteen positive clones were isolated that fell into three groups according to their physical maps. One group turned out to encode Oct-4 and Oct-5 (28), another group Oct-6 (30). The third group, composed of five clones ( Figure 1A ), was further analyzed by sequential in vitro transcription, translation and finally tested for DNA-binding in the gel shift assay ( Figure IB) . The products of the three longest cDN As generated a band with a slightly higher mobility than murine and human Oct-1 (compare lanes 5 to 7 with lanes 1 and 2), whereas the products of the smaller cDNAs had approximately the mobility of Oct-2A and Oct-2B, respectively (compare lanes 3 and 4 with lane 1). The five cDNAs were subcloned into M13 vectors in both orientations and single-stranded DNA was used to determine the sequences. Nucleotide sequence comparison revealed three different kinds of cDNAs: Oct-IA, Oct-IB and Oct-lC ( Figure 1A ). In addition to varying 5' ends due to the cloning procedure, the cDNAs differed with respect to their exon composition at their 3' ends: both Oct-IB and Oct-1 C lack a 72 bp exon found in Oct-IA, and Oct-lC lacks in addition a 386 bp exon.
Expression pattern of three Oct-1 splicing products
To confirm that the different cDNAs were derived from one gene, a restriction fragment common to all cDNAs was used in a Southern blot analysis ( Figure 2A ). One prominent band was obtained with either BamHI or PstI digested mouse DNA, indicating that the different cDNA clones are indeed derived from one gene and thus represent alternative splicing products.
To determine the total size of the different mRNA species a Northern blot analysis was performed by probing F9 poly A + RNA with a 3' probe common to the cDNAs. Two transcripts were identified: a major species of 5 kb and a minor one of 14 kb ( Figure 2B ). To test the quality of the RNA the filter was reprobed with Oct-4 which yielded a very strong signal after eight hours. The tremendous difference in the RNA signal of both genes is in striking contrast to the approximately equal numbers of clones obtained from the F9 cDNA library which was made from the same RNA preparation. We cannot explain this difference although it is possible that splicing accounts for some reduction of the signal. We would also like to note that although a number of groups, including ours, have published Oct-2 Figure 4 . Comparison of the predicted amino acid sequences of the three murine Oct-1 cDNA groups with Oct-1 from human origin. The POU region of rat Oct-1 has been partially determined and is included in the comparison (34) . The numbering system shown at the right of the amino acid sequences (in single-letter code) begins at the same methionine as published for the human Oct-1 cDNA clone (13) . The POU specific domain, the POU homeo domain and the lengths of the proteins are indicated in the figure. Points stand for residues equal with respect to murine Oct-IA, dashes for deletions, and asterisks for stop codons. A previously published murine Oct-1 sequence is included in the comparison (Oct-1*; 34). The human cDNA sequence was published in (13).
assay. The probes were tested first with RNA from undifferentiated F9 cells to confirm the identity of the reactive RNAs as authentic transcripts of me Oct-1 gene. Subsequently, RNAs of several tissues of adult mice and day 13 embryos were examined. Uniformly labelled RNA was derived from two fragments of Oct-IA with which the products of the suggested different splicing could be separately analyzed ( Figure 3Q . The first probe spans the 72 nt insertion and only in the case of Oct-IA related transcripts) should give rise to a 590 nt band. Whenever the 72 nt had been deleted, as with Oct-IB and C, die probe should be degraded to 389 and 129 nt fragments. Indeed, all three protected fragments are easily detectable with RNA from F9 stem cells ( Figure 3A lanes 3 and 4) . The 389 and 129 nt bands are stronger than the 590 nt band indicating that Oct-1 lacking die 72 nt insertion is the more abundant mRNA.
We have previously shown by gel retardation analyses that upon differentiation only the Oct-1 complex remains constant, whereas the Oct-4, Oct-5 and Oct-6 complexes decrease (17) . To test whether these splicing products described above could also be detected after differentiation, we compared RNA from differentiated and undifferentiated F9 cells in the RNase protection assay ( Figure 3A lanes 3 and 4) . The same pattern and the same relative band intensity was obtained indicating that the Oct-1 gene is not downregulated and the 72 nt insert is not differentially spliced upon F9 differentiation. When the RNAse protection assay was done using day 13 embryos and isolated adult tissues, the 389 and 129 nt bands were again the predominant products ( Figure 3B ). Because the boundaries of the 72 nt insert do not show any homology to known splice acceptor or donor sites the insert is most probably not a nonspliced intron. The second probe should give rise to a 556 nt band in the case of Oct-IA and B related transcript(s) and a 458 nt band in the case of Oct-lC when the very 3' end has been altered due to splicing. With this probe a strong 556 nt band is obtained, whereas the 458 nt band is only weakly detectable and may be due to degradation of the probe (Figure 3 A lanes 5 and 6) . Although the probe was totally degraded when mixed with tRNA (not shown), the RNase protection assay does not prove that this splicing product actually exists. When the same tissues examined above were tested, only the undegraded 556 nt band was obtained, indicating that the Oct-lC mRNA represents a minor Oct-1 transcript (data not shown). The boundary sequences of the deleted 386 nt region and the lariat consensus sequence indicate that the faint band in the RNase protection assay is a splicing product and the deletion is not due to a cloning artifact (see Figure 5A ). The 3' splice site (TCITITCAG G) matches perfectly with the consensus ((Py) n NPyAG G), as well as the CTAAT sequence with the lariat consensus (reviewed in 32, 33). The 5' consensus (A/QAG GJTAAGT and the Oct-1 donor site CCA GTAAGC match well on the intron side, but the exon sequence is CCA (in human Oct-1: CCT) instead of CAG and might explain why splicing is not very efficient at this site. Although the 3' splice site and the putative lariat sequence are in the 3' UTR of Oct-IA/B, these sequences are identical in the human Oct-1 cDNA (13).
A gtgactgcacctctgttcctgaaccctcagaacctctctctgctcaccagcaacccag^a V T A P L F -L M P Q N L S L L T S N P V a^ttgytttctgccffCtflcagcctccacagOTaactctgcacctacagccagccttcat S L V S A A A A S T G H S A P T A S LH gcctcctcc*cctcaactgagtccatccagaoctctctgttcacagtcgcctctgcc*gt. A 8 S T S T E S I Q S S L F T V A S
Taken together, at least three different Oct-l transcripts are detectable in the mouse, and are spliced the same in all tissues examined. In all the cells and tissues tested Oct-IB represents by far the most predominant transcript, containing the 386 nt exon and lacks the 72 nt exon.
Structure of the Oct-1 protein
The sequence of the Oct-IA cDNA as derived from the longest open reading frame encodes a protein of 770 amino acids (Figure 4 ). Due to different lengths of the C-terminus, Oct-IB and Oct-lC are smaller, only contain 746 and 701 amino acids, respectively. Compared to Oct-IB and Oct-lC, Oct-IA contains 24 additional amino acids in the C-terminus proximal to the POU homeodomain ( Figures IA and 4) . The 72 bp deletion in Oct-IB and Oct-lC does not change the open reading frame but loss of the 386 bp exon resulted in an altered reading frame at the Cterminus ( Figure 5A ; see also Figure 1, lane 4) . As a consequence, the last 54 amino acids of Oct-IA and B are replaced by a different stretch of 9 amino acids in Oct-lC. The C-terminus of Oct-1 A/B is rich in serine, alanine and threonine residues, representing 65% of this region. The different C-termini are reminiscent of differential splicing of the Oct-2 gene which generates different C-termini in Oct-2A and Oct-2B (31) . Interestingly, the C-terminus of Oct-1 A/B shows a high degree of homology with that of Oct-2B ( Figure 5B ).
In Figure 4 the protein sequences of Oct-IA, B and C as derived from the respective cDNAs are compared with the human Oct-1 sequence (13) and a murine Oct-1 sequence published recently (35) . The DNA sequences of murine Oct-IB and human Oct-1 are 93% identical, indicating that the respective mRNAs are from genes that are homologous in both organisms. This is also indicated by the Southern blot analysis (Figure 2A ). In addition, comparison of the proteolytic intermediates caused by digestion with different amounts of the non-specific protease dispase, reveals that the pattern of the cloned proteins is very similar to that of HeLa Oct-1 (data not shown).
Interaction of murine Oct-1 and VP-16
Mouse Oct-1 differs in the homeodomain in four amino acids from human Oct-1 and these differences are again restricted to helices 1 and 2 (Figures 4 and 6B ). VP16 forms a stable complex with human Oct-1, but not with the related Oct-2 protein. Three of the seven amino acids differing between helix 1 and 2 of the Oct-1 and Oct-2 homeodomains are involved in the interaction with VP16 (ref. 18 ; indicated with arrows in Figure 6B ). Interestingly, two of the four residues of murine Oct-1 that differ from human Oct-1 are identical to residues in Oct-2 and both are divergent at positions critical for VP16 binding. Since the murine Oct-1 homeodomain has an intermediate sequence between human Oct-1 and Oct-2 we tried to determine if murine Oct-1 can form a complex with VP16.
A DNA fragment containing the TAATGARAT sequence was incubated with cellular extract of human or murine origin and the complexes formed were analysed in the gel shift assay. With both extracts, Oct-1 complexes of the same intensity were obtained ( Figure 6A, lanes 1 and 3) . In parallel, both extracts were incubated with bacterially expressed VP16 and yield an additional band with lower mobility indicating that VP16 can form a complex with both proteins, although less efficiently with mouse Oct-1 (lanes 2 and 4) . 
DISCUSSION
In this report we describe the isolation of cDNAs encoding three different murine Oct-1 proteins and their patterns of expression. The analysis of five independent clones indicates that in murine cells a single gene gives rise to at least three different mRNAs. Oct-IB cDNA encodes the equivalent of human Oct-1 and appears to be the predominant Oct-1 product in the mouse. The second, mOct-lA, encodes a larger variant of 770 amino acids and the third, mOct-lC, has a deletion at the 3' end which creates a shorter open reading frame distinct from Oct-IA and B. We have tested RNA from sources representing early and late embryonal stages, and also from various tissues of the adult mouse for the relative abundance of the different splicing products. In this study we could not detect any difference in their expression pattern. It is possible that other cells express a different repertoir of transcripts and that additional splicing products may be found when probes spanning other parts of the Oct-1 gene are used in the RNase protection assay. The Oct-1 clones did not show any alterations at their 5' end. However, splicing might also occur at the 5' region as indicated by a previously published mouse Oct-1 cDNA clone (Oct-1* in Figure 4 ; 35). In the Oct-1* cDNA, 54 nt are deleted and thus the protein lacks 18 amino acids in the predicted sequence from position 54 to 71 (Figure 4) . A further comparison with this Oct-1* clone shows more differences which are mainly restricted to the termini. What is the physiological relevance of different Oct-1 splicing products? The octamer motif is an eukaryotic regulatory element found in promoters and enhancers, as well as in replication origins. Furthermore, Oct-1 and Oct-2 proteins can stimulate DNA replication in vitro and, as shown for Oct-1, the DNA binding domain suffices (36) . Thus it is possible that the various transcripts encode translation products which have different functions in transcription and replication. It is worth noting that different CTF/NF1 polypeptides are also encoded by alternatively spliced mRNAs and have transcription and replication activities (37) .
The murine Oct-1 homeodomain has a composite sequence of human Oct-1 and Oct-2 Oct-1 binds to the octamer and to the TAATGARAT motif. However, only binding to the latter motif enables the virally encoded transcription factor VP16 to interact stably with Oct-1 (reviewed in 21, 22). VP16 contains a potent C-terminal acidic activation domain that strongly activates HSV immediate-early (IE) and related promoters (reviewed in 21, 22). In the absence of VP16, Oct-1 does not efficiently activate these promoters and thus VP16 acts as a transcriptional coactivator that alters the promoter selectivity of Oct-1, allowing stimulation of a distinct set of genes.
The interaction between Oct-1 and VP16 is specific for Oct-1, as the closely related Oct-2 does not form a detectable complex with VP16. As indicated in Figure 6C , three residues which contribute to the interaction with VP16 can be placed at the same side of a-helix 2. When these three residues are as in the natural Oct-2 (L E L), VP16 binding is undetectable. Binding is residual when in Oct-1 helix 2 is replaced by that of Oct-2. With the reciprocal construct, in which Oct-2 contained the helix 2 of Oct-1, binding was still undetectable, indicating that the three different residues in helix 2 are necessary but not sufficient for complex formation (18) .
To get an idea which amino acids of the POU region are important for an interaction with VP-16, human and murine Oct-1 sequences are first compared and then both murine Oct-1 and Oct-2 sequences. Murine Oct-1 differs in the POU homeodomain in four amino acids from human Oct-1 and the differences are restricted to helices 1 and 2. Two of the four different amino acids are identical to those found in Oct-2 and thus the murine Oct-1 homeodomain represents a sequence intermediary between human Oct-1 and Oct-2. Mouse Oct-1 associates less efficiently with VP-16 than human Oct-1, since the intensity of the murine Oct-l/VP16/DNA complex was significantly lower. The differences in helix 2 (Fig. 6C) , or the leucine to methionine change in helix 1, might account for the reduction of VP16-induced complex formation. Of the three differences in helix 2, two represent conservative changes (glutamate to aspartate, and vice versa), and the third a methionine to leucine change. Although the conservative changes might weaken complex formation due to different spacing between VP-16 and Oct-1, the non-conservative change is considered to be the more important one. In this case, the methionine residue in helix 2 of human Oct-1 would be directly involved in VP-16 interaction.
When murine Oct-1 and Oct-2 are compared, the most striking differences are the valine to phenylalanine and the glutamate to alanine changes in helix 1 and the threonine to leucine change in helix 2. Since the helix 2 of human Oct-1 in Oct-2 was not sufficient for complex formation, the valine and/or the glutamate appears to be critical for an interaction with VP-16. Our experiments do not exclude that poor complex formation is due to a weak interaction between VP-16 and cellular components (variously termed Cl, HCF, CFF; for review see 22) .
Although man is the natural host for herpes simplex viruses, rodents are susceptible to infection and thus an interaction of VP16 with murine Oct-1 is likely to occur. However, due to the different stabilities of the VP16/0ct-l complexes, the course of virus infection in mice may differ from that in humans. Nevertheless, it has been found that not only does HSV replication occur in mice, but that alteration of VP-16 severely attenuates the virus, so that such a mutated virus is essentually avirulent when injected into mice (38) . Mice transgenic for human Oct-1 might provide an appropriate test system to analyse differences in HSV infection.
Differences in the homeodomains of murine and human Oct-1 might reflect host-specific differences of protein-protein interactions What conclusions can be drawn from the observed differences between murine and human Oct-1? It might be useful to first consider which parts of the POU region are conserved when different POU factors are compared (2) . The most conserved parts are the POU specific domain and helix 3 of the POU homeodomain. This conservation is obvious when the amino acid sequences of all known POU factors are compared and is even more apparent when the comparison is restricted to Oct-1 and Oct-2. Both the POU specific domain and helix 3 are identical in mouse and human Oct-1, as they are between murine and human Oct-2, and only one conserative change is found in these regions when Oct-1 and Oct-2 are compared ( Fig. 4; 15, 31) . The homology in these two parts of the POU domain might reflect their involvement in conserved functions. Such a function is known for helix 3, which is considered to be the major determinant in DNA binding and most of the known POU proteins can bind to very similar DNA binding sites. However, it is unclear why the POU specific domain has been so highly conserved. A hint may be given by experiments demonstrating that Oct-1 is involved in DNA replication and that die Oct-1 POU region promotes promotes adenovirus DNA replication in vitro (35) . Thus it is possible that the POU specific domain interacts with the replication machinery which indeed contains highly conserved components. According to this idea, specificity in transcription and replication could come from the interaction of cell-specific proteins with the sequence containing helix 1 and 2, because it represents the least conserved region of both POU domains (2) . The crystal structures of me engrailed and MATa2 homeodomains indicate that helices 1 and 2 can be regarded as a helix-loop-helix and helices 2 and 3 as a helix-turn-helix motif (39, 40) . The differences between Oct-1 and Oct-2 might then be due to different cellular factors interacting with the respective helix-lcop-helix, and VP16 could mimic a cellular factor interacting with only the Oct-1 helix-loop-helix. Differences in the helix-loop-helix of murine and human Oct-1 then would reflect host-specific differences in protein-protein interactions.
